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PROJECTION OBJECTIVES INCLUDING A PLURALITY OF CURVED MIRRORS WITH LENSES AHEAD 
OF THE LAST BUT ONE MIRROR 



5 



Technical Field 

10 The present invention relates to an optical system, such as projection 

lithography and more particularly, relates to an optical system with at least two 
niirrors, preferably at least 4 mirrors, with at least one lens element spatially ahead of 
mirror M3. 

15 Background 

In the manufacture of semiconductor devices, photolithography is 
often used, especially in view of the circuit patterns of semiconductors being 
increasingly miniaturized in recent years. Projection optics are used to image a mask 
or reticle onto a wafer and as circuit patterns have become increasingly smaller, there 

20 is an increased demand for higher resolving power in exposure apparatuses that print 
these patterns. To satisfy this demand, the wavelength of the light source must be 
made shorter and the NA (numerical aperture) of the optical system (i.e., the 
projection lens) must be made larger. 

Optical systems having a refractive group have achieved satisfactory 

25 resolutions operating with iUumination sources having wavelengths of 248 or 193 
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nanometers. At these wavelengths, no or only slight correction of chromatic 
aberration is needed As the element or feature size of semiconductor devices 
becomes smaller, the need for optical projection systems capable of providing 
enhanced resolution increases. In order to decrease the feature size which the optical 
5 projection systems used in photolithography can resolve, shorter wavelengths of 
electromagnetic radiation must be used to project the image of a reticle or mask onto 
a photosensitive substrate, such as a semiconductor wafer. 

Because very few refractive optical materials are able to transmit 
significant electromagnetic radiation below a wavelength of 193 nanometers, it is 

10 necessary to reduce to a minimum or eliminate refractive elements in optical 

projection systems operating at wavelengths below 193 nanometers. To date, no 
second optical material is known which allows for chromatic aberration correction at 
wavelengths below 160 nm or shorter with sufficient material properties 
(homogeneity property, availability). Consequently, one has to construct a 

15 catadioptric imaging system, such as the present one, in order to allow for correction 
of chromatic aberrations with the use of only one single material, especially, SiC«2 or 
CaF 2 . 

The desire to resolve ever smaller features makes necessary optical 
projection systems that operate at the extreme ultraviolet wavelengths, below 200 nm; 
20 and therefore, as optical lithography extends into shorter wavelengths (e.g., deep 
ultraviolet (DUV) or very ultraviolet (VUV)), the requirements of the projection 
system become more difficult to satisfy. For example, at a wavelength of 157 nm, 
access to 65 nm design rules requires a projection system with a numerical aperture of 
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at least 0.80. As optical lithography is extended to 157 nm, issues relating to resist, 
sources and more importantly calcium fluoride have caused substantial delays to the 
development of lithography tools that can perform satisfactorily at such wavelengths. 
In response to the technical issues relating to the source and the material, it is 
5 important that projection system development investigates and focuses on 

maximizing spectral bandwidth to an order of 1 pm, while simultaneously minimizing 
the deficiencies associated with the materials that are used, i.e., it is desirable to 
minimize the calcium fluoride blank mass. 

It has long been realized that catadioptric reduction optical systems 

10 (i.e., ones that combine a reflective system with a refractive system) have several 

advantages, especially in a step and scan configuration, and that catadioptric systems 
are particularly well-suited to satisfy the aforementioned objectives. A number of 
parties have developed or proposed development of systems for wavelengths below 
365 nm. One catadioptric system concept relates to a Dyson-type arrangement used 

15 in conjunction with a beam splitter to provide ray clearance and unfold the path to 
provide for parallel scanning (e.g., U.S. patent Nos. 5,537,260; 5,742,436; and 
5,805,357). However, these systems have a serious drawback since the size of the 
beam-splitting element becomes quite large as the numerical aperture is increased, 
thereby making the procurement of optical material with sufficient quality (in three 

20 dimensions) to make the cube beam splitter a high risk endeavor, especially at a 
wavelength of 157 nm. 

The difficulties associated with the cube beam splitter size are better 
managed by locating the cube beam splitter in the short conjugate of the system, 
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preferably near the reticle or at its lx conjugate if the design permits. Without too 
much effort, this beam splitter location shrinks the linear dimension of the cube by up 
to 50%, depending upon several factors. The advantages of this type of beam splitter 
placement are described in U.S. patent No. 5,052,763 to Wilczynski. Further, U.S. 
5 patent No. 5,808,805 to Takahashi provides some different embodiments; however, 
the basic concept is the same as in Wilczynski. 

It is also possible to remove the cube beam splitter entirely from the 
catadioptric system. In one approach, an off-axis design is provided using a group 
with a numerical aperture of 0.70 operating at 248 nm. In U.S. patent Nos. 6,195,213 

10 and 6,362,926 to Omuraetal. disclose other examples of mis approach and U.S. 
patent No. 5,835,275 to Takahashi illustrates yet another example. Takahashi et al. 
offer several similar examples of beam splitter free designs in European patent 
application EP 1 168028. 

Most of these "cubeless" embodiments share a common theme, 

1 5 namely that the catadioptric group contains only a single mirror. Additional mirrors 
can possible be used to improve performance. However, pure reflective designs with 
multiple mirrors have been investigated but have largely failed because these designs 
have proven unable to achieve adequately high numerical apertures (e.g., U.S. patent 
Nos. 4,685,777; 5,323,263; 5,515,207; and 5,815,310). 

20 Another proposed solution is disclosed in U.S. patent No. 4,469,414 in 

which a restrictive off-axis field optical system is disclosed. The system disclosed in 
this reference does not include a doubly passed negative lens in a first partial 
objective. Further, the embodiments disclosed therein are of impractical geometry 
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and of far too low numerical aperture to provide improved lithography performance 
in the ultraviolet wavelength region. 

In conventional practice, four mirror catadioptric configurations 
typically are limited in terms of their numerical apertures due to the location of the 
5 refractive lens part relative to the roirrors of the system. 

U.S. patent application publication No. 2002/0024741 discloses 
various projection optical systems including one in which a lens element is positioned 
spatially in front of mirror M3; however, in this embodiment, the lens element that is 
positioned in front of mirror M3 is a double pass type lens element. The use of a 

10 double pass lens element complicates the system design because the use of a double 
pass lens between mirrors M3 and M4 requires the double pass lens to be close to 
mirror M4 and therefore it is difficult to mount. 

In addition, there are a number of other differences between the system 
disclosed in this published application and the present system. For example, Fig. 26 

15 of the 2002/0024741 publication discloses a single pass lens element optically 

disposed between the very first mirror and the very last mirror of the whole system. 
Unfortunately, this element is very large in diameter and therefore difficult to 
manufacture. The disadvantage of such a single pass lens element is that it either 
requires a lateral separation of beam bundles traveling between the various mirrors, 

20 resulting in a large diameter of the lens or that it has to be physically disposed 

between the backside of mirror #1 and the backside of mirror #4 as shown in each of 
the figures 23 to 28, again leading to a large diameter of the lens. As will be 
described in greater detail hereinafter, the present embodiments do not suffer from 
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this disadvantage since the present lens elements are not required to be very large in 
diameter. With respect to the location of the aperture stop, the embodiments in the 
publication (as shown in Figs. 20-28) have an aperture stop located in front of the 
refractive group Gr2 with the aperture stop separating it from the field mirror group 
5 Grf. 

U.S. patent No. 5,323,263 to Schoenmakers discloses an embodiment 
in which there are multiple mirrors used in which a number of lens elements are 
disposed between the most optically forward mirror and the second most optically 
forward mirror. The lens elements between these two mirrors are all single mirrors. 
1 0 What has heretofore not been available is a catadioptric projection 

system, especially a four mirror design, that has particular utility in 157 nm 
lithography and produces an image with a numerical aperture of at least 0.80 and 
includes other desirable performance characteristics. 



15 Summary 

Various photolithographic reduction projection objectives according to 
a number of embodiments are provided herein. An exemplary projection objective 
includes at least two non-planar mirrors, wherein an axial distance between a next to 
last non-planar mirror and a last non-planar mirror, as defined along a light path 
20 (optical axis), is greater than an axial distance between the last non-planar mirror and 
a first refracting surface of lenses following in the light path. In one embodiment, the 
first refracting surface is associated with a single pass type lens. The present 
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objectives form images with numerical aperture of at least about 0.80 or higher, e.g., 
0.95. 

In one aspect of the present invention, each of the present objectives 
consists of two parts, namely a catadioptric and a refractive part. According to the 
5 present designs, each of the refractive lens parts is advanced towards the front and 
thus begins already in front of the third mirror M3. This is in contrast to conventional 
designs that include at least four mirrors and by moving the refractive part forward, 
high numerical aperture is achieved in a four mirror configuration. Moreover, the 
present system is configured so that a pupil thereof is free of obscuration, thereby 
1 0 resulting in an improved image. 

An exemplary objective includes one more of the following features: 

(1) at least one of four aspherical lens surfaces and four aspherical mirror surfaces; 

(2) at least four non-planar mirrors; and (3) includes at least one hght-dispersing 
mirror and at least two light-collecting mirrors. In addition, the objective does not 

15 have folding mirrors and also does not have an intermediate image between the two 
mirrors and in at least one embodiment, there is only one lens element (single pass 
type) between the next to last and last mirrors. 

Other features and advantages of the present invention will be apparent 
from the following detailed description when read in conjunction with the 

20 accompanying drawings. 

Brief Description of the Drawing Figures 
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The foregoing and other features of the present invention will be more 
readily apparent from the following detailed description and drawings figures of 
illustrative embodiments of the invention in which: 

Fig. 1 schematically illustrates a microlithographic projection 
5 reduction objective according to a first embodiment; and 

Fig. 2 schematically illustrates a microlithographic projection 
reduction objective according to a second embodiment. 



Detailed Description of Preferred Embodiments 

10 In order to provide the above advantages and to solve problems 

discussed above with respect to the related art systems, catadioptric projection 
systems according to a number of different embodiments are provided. The present 
systems achieve numerical apertures up to and in excess of 0.80 while overcoming 
the disadvantages associated with the prior art. 

1 5 Referring first to Fig. 1 , a catadioptric multi-mirror proj ection 

reduction objective 100 according to a first embodiment is illustrated. Fig. 1 is a 
schematic optical diagram of the system 100 illustrating the system 100 in an manner 
to generally show the arrangement of the elements. The system 100 includes a 
plurality of mirrors and a plurality of lens elements that are arranged in distinct 

20 groups and in predetermined locations relative to the mirrors. 

For purpose of the present application, the term "optically in front of 
refers to a situation where light rays impinge upon a first element prior to a second 
element, thus making the first element optically in front of the second element. The 
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term "optically behind" refers to the converse situation and therefore, in the above 
example, the second element is optically behind the first element since the light rays 
first encounter the first element. The terms "physically in front of or "spatially in 
front of and "physically behind" or "spatially behind" define spatial relationships 
5 between the surface vertexes of two elements irrespective of the path of the light rays 
and only with reference to a point of reference. 

In the illustrated embodiment, the system 100 includes a reticle 
(object) 110 and contains more positive lens elements than negative lens elements and 
more specifically and as detailed below, one exemplary system 100 includes 15 lens 

1 0 elements with 1 0 being positive lens elements and 5 being negative lens elements. 

The system 100 includes the reticle 110 and a wafer 120 on which a 
reduced image is formed based on the reticle 1 10 as is commonly known. Beginning 
from the least image forward element and ending with the most image forward 
element along the optical path of the system 100, the system 100 includes a first lens 

1 5 element El that is disposed between the reticle 110 and a mirror M2. The first lens 
element El is a positive lens through which the light rays pass from one or more 
points of the reticle 110 toward the mirror M2. The mirror M2 is preferably a curved 
mirror (e.g., spherical or aspherical mirror) and in the illustrated embodiment, the 
mirror M2 does not include a continuous reflective surface but rather the mirror M2 

20 has one or more regions where an opening 1 12 or the like is formed to permit free 
passage of light rays therethrough without being influenced at all by the mirror M2. 
The one or more openings 1 12 are formed in the mirror M2 at locations that are 
optically aligned with locations where the light rays pass through the first lens 
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element El . Alternatively, it will be appreciated that the mirror M2 can be 
constructed and arranged as an off axis mirror so that the rnirror M2 is positioned off 
axis at locations that permit the light rays to pass by the mirror M2. 

Optically and physically behind the mirror M2 is a pair of second and 

5 third lens elements E2 and E3, respectively. Each of the lens elements E2 and E3 is a 
negative lens and because of the arrangement between mirror M2 and mirror Ml and 
the physical construction of the lens elements E2 and E3, the lens elements E2 and E3 
act as double pass lenses. More specifically, the lens elements E2 and E3 are 
disposed between mirror M2 and mirror Ml and similar to the mirror M2, the lens 

10 elements E2 and E3 do not have an entirely continues surface but rather one or more 
openings 1 14 are formed in each lens element to permit light rays to freely pass 
therethrough without being influenced by the lens elements. The one or more 
openings 1 14 are optically aligned with the one or more openings 112 formed in the 
mirror M2 so that the light rays that pass through the openings or cut outs 1 12 in the 

1 5 mirror M2 before then passing through the opening or cut outs 1 14 in the lens 
elements E2 and E3 before contacting the reflective surface of mirror Ml. Once 
again and instead of having a physical opening formed therein, the lens elements E2 
and E3 can be constructed so that they are formed and arranged so that the light rays 
passing by the mirror M2 also pass by and not through the lens elements E2 and E3. 

20 The mirror Ml is preferably a curved mirror (e.g., spherical or aspherical mirror). 
One will appreciate that the mirrors Ml and M2 are both light collecting mirrors. 

It will be appreciated that mirror Ml is the first mirror in the optical 
path since the light rays initially pass through openings 112 formed in mirror M2 and 
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only later strike the reflective surface of mirror M2 after having contacted and been 
reflected by the surface of mirror M 1 . After being reflected by the mirror M 1 , the 
light rays are directed toward the mirror M2 and first pass through lens element E2 
and E3 before striking the reflective surface of mirror M2. As previously mentioned, 
5 the lens elements E2 and E3 are double pass types lenses since the light rays travel 
first through the lens elements as they travel from mirror Ml to mirror M2 and then 
pass through the lens elements a second time as the light rays are reflected by mirror 
M2 toward a mirror M3 which is preferably a curved mirror (e.g., spherical or 
aspherical mirror). Mirror M3 is a light collecting mirror. 

1 0 Mirror Ml is also constructed so that it includes one or more openings 

or cut outs 1 16 to permit passage of the light rays from mirror M2 to a reflective 
surface of mirror M3. As will be appreciated by the illustration of Fig. 1, the mirror 
Ml has one or more active regions that reflect light rays as well as containing the one 
or more openings or cut outs 1 16 to permit the lights rays to travel along the optical 

1 5 path of the system 100, e.g., from mirror M2 to mirror M3, which are both optically 
behind mirror Ml. Again, mirror Ml can be constructed as an off axis mirror that 
permits the light rays to pass thereby from the mirror M2 to the mirror M3. 

A mirror M4 is positioned physically in front of but optically behind 
the mirror M3 such that a reflective surface of mirror M3 faces a reflective surface of 

20 mirror M4. Mirror M4 is preferably a curved rnirror (e.g., spherical or aspherical 
mirror). As will be described in greater detail hereinafter, rnirror M3 includes an 
opening or cut out 118 formed therein to accommodate a lens element. Mirror M4 is 
a light dispersing mirror. Mirror M3 can similarly be formed as an off axis mirror 
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that is constructed and designed to permit the light rays to pass thereby after the light 
rays are reflected by the mirror M4. 

According to one aspect of the present invention, a lens element, 
namely a fourth lens element E4, is disposed between the rxiirror M3 and mirror M4 

5 such that the lens element E4 is physically in front of mirror M3 but optically behind 
both mirrors M3 and M4. The lens element E4 is a negative lens that is positioned 
proximate the mirror M3 and as will be appreciated by viewing Fig. 1, the lens 
element E4 acts as a single pass lens element in that the light rays only pass through 
the lens element E4 once as they travel according to the optical path of the system 

10 1 00. This is a difference between other lens designs where a lens element that may 
be placed between mirror M3 and M4 is positioned close to mirror M4 such that the 
lens element acts as a double pass lens element since the light rays pass once 
therethrough to the reflective surface of M4 before then passing through the lens 
element a second time as the light rays travel in a direction toward M3. 

1 5 The system 100 includes a fifth lens element E5 that is disposed within 

the opening or cut out 118 formed in the mirror M3. The lens elements E4 and E5 are 
disposed along the optical axis so that light rays that are reflected from mirror M4 
pass through the lens element E4 and then through lens element E5 which is 
contained within the mirror M3. In other words, the mirrors M3 and M4 are both 

20 optically in front of the lens elements E4 and E5. In the illustrated embodiment, the 
lens element E5 is a positive lens element that at least partially extends beyond one 
face of the mirror M3 as well as an opposite face of the mirror M3. 
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The system 100 is designed so that there are a group of lens elements 
that are both physically and optically behind the mirror M3 and the lens elements E4 
and E5. According to one exemplary embodiment, there are ten lens elements that 
are disposed optically behind the lens element E5 and more specifically, lens 
5 elements E6 to E15 are disposed along the optical axis and optically behind the lens 
element E5 and optically and physically in front of the wafer 120. Lens elements E6- 
E8 are positive lenses, lens element E9 is a negative lens, lens elements E10-E12 are 
positive lenses, lens element El 3 is a negative lens; and lens elements El 4 and El 5 
are positive lenses. 

10 As will be appreciated with reference to Fig. 1, an intermediate image 

is produced in the light path at the axial location of M4. In order to ensure that no 
vignetting occurs, the light path has to be routed so that it completely by-passes 
mirror M4 and it has to be ensured that the light rays do not fall into the central 
opening (bore) 1 18 of mirror M3. This requires large deflection angles and thus large 

1 5 refractive powers (or reciprocal of the focal length) in the rnirrors M3 and M4 as well 
as high incidence angles, especially on mirror M4. 

The large ray angles after M4 have the effect that the main rays 
converge rapidly towards the optical axis. Thus, the diaphragm position is pulled 
closer to mirror M4. However, in order to be able to effectively correct chromatic 

20 variation of the magnification, it is necessary to use refractive power in front of the 
aperture diaphragm. This is possible only by pulling the lenses of the refractive 
portion spatially (physically) ahead of M3. 
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This (the need for pulling the lenses of the refractive portion spatially 
ahead) is considered a direct consequence of the high aperture of this design 
arrangement. In other words, the arrangement of the lens elements and mirrors as 
illustrated in Fig. 1 permit it possible to achieve high numerical aperture values in 
5 designs of this kind. For example, the system 1 00 has a numerical aperture of at least 
about 0.80. 

In addition, the present system 100 has a conjugate aperture stop 
between mirrors Ml and M2, while the aperture stop is located in a back part of the 
lens arrangement which acts as the refractive part. More specifically, the aperture 

10 stop is indicated by marker 101 in Fig. 1 (which is a position immediately spatially 
and optically in front of lens element E8). 

One of the advantages of the present system 100 is that there is no 
obscuration of the pupil. In other words, there is no central obscuration in the present 
system and therefore, all of the disadvantages associated with having a central 

1 5 obscuration are eliminated in the present design. As a result of the present lens 

system being free of a central obscuration of the pupil, the performance of the system 
is not jeopardized and the quality of the image is similarly not jeopardized or reduced 
since the presence of a central obscuration will prevent all of the light rays from 
passing through to form the image. 

20 A complete optical description is found in Table 1 , describing the 

optical surfaces of the system 100. 

Now referring to Fig. 2 in which a catadioptric multi-mirror projection 
reduction objective 200 according to a second embodiment is illustrated. Fig. 2 is a 
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schematic optical diagram of the system 200 illustrating the system 200 in an manner 
to generally show the arrangement of the elements. The system 200 includes a 
plurality of mirrors and a plurality of lens elements that are arranged in distinct 
groups and in predetennined locations relative to the mirrors. 
5 In the illustrated embodiment, the system 200 includes a reticle 210 

and contains more positive lens elements than negative lens elements and more 
specifically and as detailed below, one exemplary system 200 includes 20 lens 
elements with 13 being positive lens elements and 7 being negative lens elements. 

The system 200 includes the reticle 210 and a wafer 220 on which a 

1 0 reduced image is formed based on the reticle 21 0 as is commonly known. Beginning 
from the least image forward element and ending with the most image forward 
element along the optical path of the system 200, the system 200 includes a first lens 
element El and a second lens element E2 that are disposed between the reticle 210 
and a mirror M2. The first and second lens elements El and E2 are positive lenses 

15 through which the light rays pass from one or more points of the reticle 210 toward 
the mirror M2. The mirror M2 is preferably a curved mirror (e.g., spherical or 
aspherical mirror) and in the illustrated embodiment, the mirror M2 does not include 
a continuous reflective surface but rather the mirror M2 has one or more regions 
where an opening 212 or cut out or the like is formed to permit free passage of light 

20 rays therethrough without being influenced at all by the mirror M2. The one or more 
openings 212 are formed in the mirror M2 at locations that are optically aligned with 
locations where the light rays pass through the first and second lens elements El and 
E2 so that the tight rays travel through the El and E2 and then through the mirror M2. 
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As previously mentioned, mirror M2 does not necessarily have to have a physical 
opening formed therethrough but instead it can be constructed as an off axis mirror 
that is positioned so that the light rays travel thereby from lens elements El and E2 to 
lens element E3. 

5 The system 200 includes a third lens element E3 that is disposed 

physically (spatially) and optically behind the mirror M2. The light rays traveling 
through openings 212 formed in the mirror M2 subsequently travel through the lens 
element E3. In the illustrated embodiment, the third lens element E3 is a negative 
lens and is characterized as a triple pass lens element since the lights rays pass 

10 through this lens element three distinct times as the light rays travel along the optical 
path of the system 200. 

The system 200 includes fourth and fifth lens elements E4 and E5 that 
are spatially and optically behind the lens element E3. In the illustrated embodiment, 
the lens elements E4 and E5 are negative lenses. The lens elements E4 and E5 are 

1 5 disposed spatially proximate to the mirror Ml such that light rays that pass through 
the lens element E3 pass through the lens elements E4 and E5 before contacting the 
reflective surface of the mirror Ml . It will be appreciated that the lens elements E4 
and E5 are double pass type lens elements since the lights rays pass through this lens 
element two distinct times as the light rays travel along the optical path of the system 

20 200. More specifically, after the light rays contact the mirror Ml , the light rays pass 
back through the lens elements E4 and E5 as the rays travel toward the mirror M2. 
Before the light rays contact the mirror M2, the light rays pass through the lens 
element E3 for a second time and then after the light rays contact the mirror M2, the 
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light rays are reflected back through the lens element E3 for a third time (resulting in 
E3 being a triple pass lens). Preferably, the openings 212 of mirror M2 are formed in 
one region while the mirror M2 has another region that acts as a reflective mirror 
surface for reflecting the light rays from mirror Ml. Mirror Ml is a light collecting 

5 mirror, while rnirror M2 is a light dispersing mirror. Alternatively, the mirror M2 can 
be an off axis mirror without a physical opening 212 formed therethrough. 

After the light rays pass through the lens element E3 for a third time, 
the light rays are directed to a mirror M3. The rnirror M3, like mirrors Ml and M2, is 
a curved mirror (e.g., spherical or aspherical mirror). In the illustrated embodiment, 

10 the mirror M3 is centered off of the optical axis so that it includes an off axis region, 
generally indicated at 220, that receives the light rays from the mirror M2 as shown in 
Fig. 2. In other words, the mirror M3 is coaxially aligned but only used at an off-axis 
region. 

The system 200 includes a mirror M4 that is spatially in front of but 
15 optically behind the rnirror M3. As shown, the mirrors Ml and M4 are positioned 
back-to-back relative to one another with no lens elements being disposed 
therebetween. Mirror M3 is a light collecting mirror, while mirror M4 is a light 
dispersing rnirror. 

According to one aspect of the present invention and similar to the 
20 above described first embodiment, a lens element, namely a sixth lens element E6, is 
disposed between the mirror M3 and mirror M4 such that the lens element E6 is 
physically in front of mirror M3 but optically behind both mirrors M3 and M4. The 
lens element E6 is a positive lens that is positioned proximate the rnirror M3 and as 
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will be appreciated by viewing Fig. 2, the lens element E6 acts as a single pass lens 
element in that the light rays only pass through the lens element E6 once as they 
travel according to the optical path of the system 200 in contrast to other lens designs 
(e.g., see U.S. Patent Application publication No. 2002/0024741) in which the lens 
5 element acts as a double pass lens element. 

The lens element E6 is positioned next to the mirror M3 in a region 
where the mirror M3 has one or more openings or cut outs 214 formed therethrough 
to permit the light rays that travel through the lens element E6 to then subsequently 
pass through the one or more openings 214 as the light travels according to the light 
1 0 path of the system 200. In other words, the lens element E6 preferably extends at 
least partially through the opening 214. Again, mirror M3 can be an off axis mirror 
that is positioned to permit the light rays to travel along the optical path from mirror 
M4. 

The system 200 is designed so that there are a group of lens elements 
1 5 that are both physically and optically behind the mirror M3 and the lens elements E6. 
According to one exemplary embodiment, there are fourteen lens elements that are 
disposed optically behind the lens element E6 and more specifically, lens elements E7 
to E20 are disposed along the optical axis and optically behind the lens element E6 
and optically and physically in front of the wafer 120. Lens element E7 is a negative 
20 lens, lens elements E8 and E9 are positive lenses, lens element El 0 is a negative lens, 
lens element El 1 is a positive lens, lens element E12 is a negative lens, lens elements 
E13-E16 are positive lenses, lens element E17 is a negative lens, lens elements E18- 
E20 are positive lenses. 



WO 2005/015283 



19 



PCT/EP2004/007910 



In other words, the arrangement of the lens elements and mirrors as 
illustrated in Fig. 2 permit it possible to achieve high numerical aperture values in 
designs of this kind. For example, the system 200 has a numerical aperture of at least 
about 0.95. A conjugate aperture stop is located between the reticle 210 and the 
5 mirror Ml , while the aperture stop is located in a back part of the lens arrangement 
which acts as a refractive part. More specifically, the aperture stop in system 200 is 
indicated by marker 201 in Fig. 2. 

As with the system 100, the system 200 is advantageously free of 
obscuration of the pupil (e.g., central obscuration) and therefore, the quality of the 
1 0 image is not jeopardized. 

A complete optical description is found in Table 2, describing the 
optical surfaces of the system 200. 

While, the term "opening", "bore" and "cut out" has been used 
throughout the present specification, one will appreciate that the lenses can be 
15 constructed in a number of other different ways to accomplish the same objective 

which is to permit the free passage of lights rays therethrough. Thus, these terms are 
only exemplary and not limiting of the present design. In addition, the shape of the 
opening or cut out can be varied and is not limited to any particular shape or size so 
long as the openings and cut outs perform the intended function. In addition, the 
20 mirror and refractive lens elements can be constructed so that they do not include a 
physical opening formed therethrough but rather the mirror or lens element is 
constructed as an off axis element to permit the light rays to travel along the optical 
path without any interference by this element. 
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In one aspect of the present invention, each of the present objectives 
has a refractive lens part that is advanced towards the front and thus begins already in 
front of the third mirror M3. This is in contrast to conventional designs that include 
at least four mirrors and by moving the refractive part forward, high numerical 
5 aperture is achieved in a four mirror configuration. 

Moreover, it is understood that the present systems disclosed herein 
are not limited to "dry systems" with numerical apertures less than 1.0 but rather the 
present designs can also be implemented in "immersion systems" with numerical 
apertures greater than or equal to 1.0. Thus, implementation of the present systems in 
1 0 immersion lithography is within the teachings of the present application. 

While U.S. patent No. 5,323,263 discloses an arrangement in which 
there are multiple mirrors between the most optically forward mirror and the second 
most optically forward mirror; however, there are a number of differences between 
this system and the present embodiments. More specifically, in at least one of the 
15 present embodiments, mere is only a single lens element of a single pass type that is 
disposed between mirror M3 and mirror M4. Moreover and in direct contrast to the 
arrangements in the '263 patent, the present embodiment does not include folding 
mirrors. Also, the present embodiments do not have an intermediate image between 
the two mirrors. 

20 As previously mentioned, there are a number of differences between 

the present embodiments and those disclosed in U.S. patent application publication 
No. 2002/0024741. In the present embodiments, there is no single pass mirror 
between mirrors should be Ml and M4 and therefore, the present embodiments do not 
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have the constraints of having to have a very large diameter lens element in contrast 
to the 2002/0024741 publication. This makes the present system easier to 
manufacture. 

According to one exemplary embodiment, there is a limit of the 
5 maximum diameter of the lens elements with respect to the diameter of the aperture 
stop. For example, in the second embodiment disclosed herein, the maximum 
diameter of each lens element is less than 1.1 times the diameter of the aperture stop, 
whereas in the embodiments shown in Figs. 23-28 of the 2002/0024741 publication, 
the quotient between the two diameters is at least 1.5, which means that there is again 

10 a huge lens element which leads to manufacturing problems. Even in the 
embodiments disclosed in Figs. 20 and 22, the quotient is greater than 1.1. 

Moreover, the location of the aperture stop in the present embodiments 
is different from the location in the 2002/0024741 publication and this leads to 
advantages. As shown in Figs. 20-28 of the 2002/0024741 publication, the aperture 

15 stop is located in front of the refractive group Gr2 and separates it from the field 
mirror group Grf. In the present embodiments, the aperture stop is disposed in the 
rear part of the refractive group. This means that there is at least one lens element of 
the refractive group in front of the aperture stop. The advantage of such a position of 
the aperture stop is the fact that it allows for correction of the chromatic variation of 

20 magnification (also known as "later color"). 

The present embodiments thus include at least two curved (non-planar) 
mirrors as well as a plurality of optical elements that have a common axis of 
rotational symmetry. It will be appreciated that while rotational symmetry is a 
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property of the mathematical surface of the optical element, Applicants are using this 
term to describe whether the optical element is on or off a common axis. Thus, the 
term describes whether the optical element is off-axis or not. The axial distance 
between two elements, such as a mirror and a lens element or two mirrors is defined 
5 as the distance between the vertices of the surfaces. In the present system, the off 
axis mirrors have only virtual vertices and therefore, when computing the axial 
distance between the off axis mirror and another element, this is taken into account. 
In addition, when an optical element is discussed as being physically between the first 
and second mirrors it refers to an optical element that is between the physically 

10 existing off-axis mirrors. 

While exemplary drawings and specific embodiments of the present 
invention have been described and illustrated, it is to be understood that the scope of 
the present invention is not to be limited to the particular embodiments discussed. 
Thus, the embodiments shall be regarded as illustrative rather than restrictive, and it 

1 5 should be understood that variations may be made in those embodiments by workers 
skilled in the art without departing from the scope of the present invention as set forth 
in the claims that follow, and equivalents thereof. In addition, the features of the 
different claims set forth below may be combined in various ways in further 
accordance with the present invention. 
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K 0.0000 

Cl -S.041414B5«S-009 

C2 -3 . 3B450079e-013 

C3 2.S9706197c-0l7 

C4 -1.57144620e-O21 

C5 3 .14369S16e-036 

OS -9.58488553e-031 

FLAECHE NR. 43 

K 0.0000 ' 

Cl -i,49S97105e-009 

C2 -l.B4976499e-013 

C3 -1 .81S50379e-D17 

C4 . 1.200526S9fc-021 

CS -5.0242S7aBe-027 

FLAECHE UR. 46 . 

K 0.0000- 

Cl -4.66030fil5«-009 

C2 -1,4 S3 97783c- 012 

C3 6,«4S28344e-017 

C4 1.12020072«-021 

CS -S.SB104S26e-02tf 

CS 3.31734S09e-031 

FLAECHE m. 48 

K 0.0000 ' 

Cl -2.131044966-008 

C2 -2.27223393e-0l2 

C3 4,14B42722ts-0X7 

C4 -1.3fi551307*-030 

C5 -1, S411&4B6S-02S 

FLAECHE NR. S3 

K 0.0000 

Cl 1. 8S001fi83e-C07 

CZ -1.0312 0 4 0243-011 

C3 -8.91939858,0-017 

C4 9. 9054S4S1«-Oar0 

C5 -9. 92519663«-024 
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What is claimed is: 

1 . A projection objective including at least two curved mirrors 
and a plurality of optical elements that all have a common axis of rotational 

5 symmetry, wherein an axial distance between a next to last curved mirror and a last 
curved mirror, the order of both mirrors being defined along a light path, is greater 
than an axial distance between the last curved mirror and a first refracting surface of 
lenses following the last curved mirror along the light path, the first refracting surface 
following optically the last curved mirror being associated with a single pass lens, 
1 0 wherein a pupil of the objective is free of obscuration. 

2. The obj ective of claim 1 , wherein the first refracting surface 
following the last curved mirror is associated with a negative lens. 

15 3 . The obj ective of claim 1 , wherein there are four curved 

mirrors. 

4. The objective of claim 1 , wherein the next to last curved rnirror 
has an opening formed therein to accommodate a lens that is immediately optically 
20 behind the first refracting surface or the next to last curved mirror is an off axis rnirror 
to permit light rays to travel along the light path. 



WO 2005/015283 



29 



PCT/EP2004/007910 



5 . The obj ective of claim 1 , wherein a refractive part that is 
optically behind the last mirror includes more positive lenses than negative lenses. 

6. The objective of claim 1 , including at least two double pass 
5 lenses optically in front of the next to last mirror. 

7. The objective of claim 1, wherein the objective forms an 
image with a numerical aperture of at least substantially 0.80. 

10 8. The objective of claim 1, including at least one aspherical 

reflective surface and at least one aspherical refractive surface. 

9. The objective of claim 1 , including at least four curved mirrors. 

15 10. The objective of claim 1, including at least one light-dispersing 

mirror and at least two light-collecting mirrors. 

1 1 . The obj ective of claim 1 , wherein an aperture diaphragm is not 
followed by a plane mirror. 

20 

1 2. The obj ective of claim 1 , including at least one triple pass lens 
located optically in front of the next to last mirror. 
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1 3 . The objective of claim 1 , wherein at least three curved mirrors 
are constructed to have one or more cut out regions which permit light to pass 
therethrough. 

5 14. The objective of claim 1, including at least two double pass 

lenses and one triple pass lens all of which are physically disposed between the two 
most object forward mirrors. 

15. The objective of claim 1, including at least two double pass 
1 0 lenses physically disposed between the two most object forward mirrors. 

1 6. The obj ective of claim 1 , wherein the first refracting surface is 
associated with a positive lens. 

15 17. The objective of claim 1, including an aperture stop located in 

a refractive group of elements optically behind the last mirror. 

18. The objective of claim 1, wherein the objective forms an 
image with a numerical aperture of at least substantially 0.95. 

20 

19. The objective of claim 1 , wherein the objective forms an image 
with a numerical aperture of at least substantially 1.1 in immersion. 
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20. The objective of claim 1 , wherein the single pass lens is the 
only lens element between the next to last mirror and the last mirror as measured 
along an optical axis. 

5 21. The obj ective of claim 1 , wherein the obj ective is free of an 

intermediate image between the two mirrors. 

22. A projection objective comprising at least four curved mirrors, 
including a first curved rnirror that is a most optically forward mirror and a second 

10 curved mirror that is a second most optically forward mirror, as defined along a light 
path, and an intermediate lens element disposed physically between the first and 
second mirrors, the intermediate lens element being a single pass type lens. 

23 . The obj ective of claim 22, wherein a least image forward 

1 5 curved mirror and the first curved rnirror are disposed back-to-back relative to one 
another. 

24. The obj ective of claim 22, wherein at least one curved mirror is 
an off axis mirror relative to an optical axis. 



20 
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25. The objective of claim 22, wherein there at least two lens 
elements disposed between the two most object forward curved mirrors. 

26. The objective of claim 25, wherein there are three negative 
5 lens elements between the two most object forward curved mirrors. 

27. The objective of claim 25, wherein at least two lens elements 
between the two most object forward curved mirrors are double pass lenses. 

10 28. The objective of claim 22, wherein the second curved mirror 

has an opening formed therein to accommodate the intermediate lens element. 

29. The obj ective of claim 22, further including a plurality of 
lenses optically behind the intermediate lens element wherein the lenses that are 
1 5 optically behind the first curved mirror include more positive lenses than negative 
lenses. 



20 



30. The objective of claim 22, wherein the objective forms an 
image with a numerical aperture of at least substantially 0.80. 
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3 1 . The obj ective of claim 22, including at least one aspherical 
reflective surface and at least one aspherical refractive surface. 

32. The objective of claim 22, including at least one light- 
5 dispersing mirror and at least two light-collecting mirrors. 

33. The objective of claim 22, wherein an aperture diaphragm is 
not followed by a plane mirror. 

10 34. The objective of claim 22, including at least one triple pass lens 

located optically in front of the second curved mirror. 

35. The objective of claim 22, including at least two double pass 
lenses and one triple pass lens all of which are disposed between the two most object 

15 forward mirrors. 

36. The objective of claim 22, mcluding at least two double pass 
lenses disposed between the two most object forward mirrors. 



20 



37. The objective of claim 22, including an aperture stop located in 
a refractive group of elements optically behind the last mirror. 
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38. The objective of claim 22, wherein the objective forms an 
image with a numerical aperture of at least substantially 0.95. 

39. The objective of claim 22, wherein a pupil of the objective is 
5 free of obscuration. 

40. The objective of claim 22, wherein there is only one 
intermediate lens element disposed in an optical path between the first and second 
mirrors. 

10 

41 . The objective of claim 22, wherein the objective is free of an 
intermediate image between the first and second mirrors. 

42. A projection exposure apparatus comprising a light source 
1 5 selected from the group of light sources consisting of a DUV and a VUV light 

source, an illumination system, a reticle handling, positioning and scanning system, a 
projection objective according to claim 1 and a wafer handling, positioning and 
scanning system 

20 43. A projection exposure apparatus comprising a light source 

selected from the group of light sources consisting of a DUV and a VUV light 
source, an iUumination system, a reticle handling, positioning and scanning system, a 
projection objective according to claim 22 and a wafer handling, positioning and 
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scanning system. 

44. A projection objective with four curved mirrors and a 
refractive lens part, the objective being free of folding mirrors, wherein at least one 

5 lens element of the refractive lens part is spatially disposed in front of a next to last 
curved mirror while being optically behind a last curved mirror, wherein the one lens 
element is a single pass type lens and the objective has a numerical aperture of at least 
about 0.80 and is free of an intermediate image between the next to last mirror and 
last mirror, wherein a maximum diameter of each refractive lens element is less than 
10 1.1 times a diameter of an aperture stop of the objective. 

45. A projection objective including: 

a catadioptric part with at least two curved mirrors; and 
a refractive part including a single pass lens element that is disposed 
1 5 between a next to last curved mirror and a last curved mirror, as defined along a light 
path, the objective being constructed so that a pupil thereof is free of obscuration, the 
single pass lens element being the only refractive lens element that is disposed 
between the next to last curved mirror and the last curved mirror as measured along 
an optical axis, the refractive part containing an aperture stop with at least one lens 
20 element of the refractive group being in front of the aperture stop. 

46. A projection objective including a first catadioptric part 
comprising at least four curved mirrors and a second refractive part, wherein at least 
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one single pass lens element of the refractive part is disposed physically between the 
last curved mirror and the next to last curved rnirror, the mirrors being ordered along 
a light pass. 
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